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NEW & NOTEWORTHY

Diaphragmatic myofilament function becomes increasingly impaired during the development of early heart failure, caused by transverse aortic constriction, and these changes occur in parallel with a decrease in the phosphorylation of key regulatory proteins. This loss of myofilament function and alterations to the contractile proteins precede impairment of the intact diaphragm.
HEART FAILURE (HF) is a global health problem and is one of the most prevalent causes of morbidity in all ages (15, 46) . Patients with HF are frequently limited in their daily activities by dyspnea and exertional fatigue. One potential cause is inspiratory muscle (primarily the diaphragm) dysfunction. De Troyer and colleagues (11) first noted compromised inspiratory muscle function in patients with cardiac dysfunction. Respiratory muscle dysfunction is now considered a salient feature of patients (11, 21, 23, 35, 36, 62) and animals (7-9, 24, 28, 53, 58) with HF. Currently, little is known about the development of respiratory muscle dysfunction during the early onset of HF.
In patients with HF, eupneic pressure generation is increased (28, 58) , which is considered to impose a stress on the diaphragm. This chronic workload on the diaphragm is thought to overwork the muscle leading to development of a myopathy characterized by a shift in fiber type, atrophy, and contractile dysfunction. With the development of HF, there is an increase in the relative proportion of type I (slow oxidative twitch) fibers in the diaphragm (8, 9, 63, 64) . In contrast, limb muscles show an increase in the proportion of type IIb (fast glycolytic twitch) fibers (12, 31, 34, 55, 56) , which is attributed, in part, to deconditioning. Thus a shift from fast-to slow-twitch muscle fibers would imply fatigue resistance at the cost of reduced maximal force-generating capacity of the diaphragm with the opposite occurring in the peripheral limb muscles. However, the decrease in maximal inspiratory pressure generation cannot solely be accounted for by a change in the proportion of slow-twitch fibers. Indeed, histological evaluation of the diaphragm from HF shows extensive atrophy (24, 53) , fibrosis, and other abnormalities (30) .
Diaphragm dysfunction has been investigated using a variety of animal models where HF was induced by genetic (i.e., dilated and hypertrophic cardiomyopathies) and surgical manipulations (ligation of the left anterior descending artery to induce a MI or constriction of the aorta to cause, a volume and pressure overload, respectively) in various species (e.g., rabbits, rats, hamsters and mice). In all studies, although diaphragm function was impaired, the methods used to characterize function varied, making cross-study interpretations difficult. The underlying assumption is that diaphragm dysfunction is a common feature of heart failure and independent of the type and stage of heart failure. Further, there has been little study of diaphragm function in the early stages of heart failure as previous work has targeted late or end-stage HF. By understanding the incipient events leading to the development of diaphragm dysfunction, only then can future studies begin to investigate treatment options that have a realistic goal of leading to new clinical treatment strategies. Therefore, it is neither clear if different perturbations of HF cause similar functional responses in the diaphragm nor if diaphragmatic dysfunction occurs early in the progression of the disease.
One factor that determines the active properties of striated muscle is the sensitivity of the contractile element to Ca 2ϩ . Muscle contraction is triggered when Ca 2ϩ binds to the actin thin-filament, via the troponin (Tn) complex. The end result is an increased mobility of tropomyosin (Tm) over the surface of the actin filaments, allowing for the formation of force-generating cross-bridges between actin and myosin (13, 19) . Manipulation of the Ca 2ϩ sensitivity of the contractile element can affect the amount of force generated as well as the rate at which it is generated (17, 19) . Such changes in contractile function can be caused by alterations to the proteins that compose the contractile element (17, 22, 67) . The loss of diaphragm function during the development of HF may therefore be due, in part, to changes to the contractile elements of the muscle fibers composing the diaphragm. Previous work has demonstrated that the diaphragm of rats in end-stage heart failure can contain less myosin (66) and increased levels of myosin heavy chain oxidation (8) . These studies indicate that the myofilament is playing a role in diaphragm dysfunction during heart failure. However, there has been no study to date that has effectively examined how other components of the diaphragm myofilament are affected during the development of heart failure and how this may translate to a loss of contractility.
In the current study, we examined how the development of HF in mice, caused by a pressure overload, influenced the contractile function of diaphragm muscle after 2 and 18 wk of transverse aortic constriction (TAC). We further compared the observed diaphragm dysfunction in pressure-overload HF to those in HF at 18 wk following a myocardial infarction (MI). Diaphragm contractility was characterized by measuring the Ca 2ϩ activation of force generation by chemically skinned preparations composed of multiple fibers. We also examined the isoforms of myosin heavy chain (MyHC) in the muscle as well as the phosphorylation status of the myofilament proteins. The results demonstrate that the contractile function of the diaphragm myofilament becomes increasingly compromised following the induction of a pressure overload; this loss of diaphragm function is more significant than in response to a myocardial infarction.
METHODS
In vivo hemodynamics and cardiac morphometrics. All experimental procedures were approved by the institutional animal care committee and conducted in accordance with the guidelines of the Canadian Council on Animal Care as set out in the Guide to the Care and Use of Experimental Animals. All experiments were conducted on male CD-1 mice (Charles River, Laval QC) housed in a 12:12-h light-dark facility with food and water ad libitum.
Pressure-overload HF induced by transverse aortic constriction (TAC). Transverse aortic constriction was performed as previously described (4) . In brief, 9-wk-old mice (ϳ35 g body wt) were anesthetized with a minimum alveolar concentration (MAC) of 5% isoflurane in 100% O 2 and were maintained in the surgical plane of anesthesia with a MAC of 2% isoflurane in 100% O2. Mice were then orotracheally intubated using a 20 gauge angiocatheter (BectonDickinson, Franklin Lakes, NJ) and mechanically ventilated with a rodent microvent (Harvard Apparatus, Saint-Laurent, QC) at an approximate tidal volume of 200 l and 150 breaths/min. Ribs were separated from the sternum at their cartilaginous insertions and the transverse aorta was isolated; 7-0 silk thread was tied around the transverse aorta between the brachiocephalic artery and left common carotid artery to the diameter of a 26-gauge needle. After removing the needle, 5-0 Sofsilk sutures were used to suture the ribs and skin. Animals were administered analgesic at need and were carefully monitored for postsurgical complications. Those that displayed abnormalities or complications were removed from the experimental group whereas those that were included in the study progressed to 2 or 18 wk of TAC.
HF caused by myocardial infarction (MI) via ligation of the left anterior descending coronary artery. Nine-week-old mice (ϳ35 g body wt) were anesthetized and prepared for surgery as described above. MI was induced by with surgipro II polypropylene suture (Covidien, Saint-Laurent, QC) just inferior to the atrioventricular boarder. Silk 5-0 Sofsilk sutures were used to suture both the ribs and the skin. Animals were administered analgesic as required and were carefully monitored for postsurgical complications. Those that displayed abnormalities or complications were removed from the experimental group whereas those that were included in the study progressed to 18 wk post MI.
Echocardiographic and hemodynamic analysis. For echocardiography and cardiac catheterization, mice were anesthetized with a MAC of 2% isoflurane in 100% and body temperature was maintained at 37°C. Transthoracic 2D and M-mode echocardiography were performed from the long-axis view of the heart at the level of the papillary muscle with a Visualsonics Vevo 2100 imaging system (Visualsonics, Toronto, ON) equipped with a 40-MHz linear transducer (MS550D). Measurements were averaged from five separate cardiac cycles.
For invasive hemodynamic analysis, a 1.2-Fr catheter (FTS-1211B-0018; Scisense, London, ON) was inserted into the right carotid and advanced retrograde into the LV; hemodynamic signals were digitized at a sampling rate of 2 kHz and recorded using iWorx analytic software (Labscribe2, Dover, NH). Following data collection, tissues were weighed and either frozen in liquid nitrogen for protein biochemistry, harvested for isolated diaphragm strip, myofilament forcepCa analysis, or fixed for histology.
Histology. All samples were fixed in 10% buffered formalin, processed, and embedded in paraffin. Cross sections of the diaphragm and heart were stained with Picosirius Red to quantify fibrosis and measure cross-sectional area (CSA). Images were acquired using an Olympus FSX 100 light microscope and analyzed using Cell Sense software (Olympus, Tokyo, Japan).
In vitro diaphragm contractility. Diaphragm muscle was quickly excised and placed in Krebs-Henseleit solution (mM/l: 118 NaCl, 4.7 KCl, 1.2 KH 2PO4, 1.2 MgSO4·7 H2O, 27.26 NaHCO3, 11.1 glucose, 2.3 CaCl2·2H2O, 10 units/l insulin and 3.0 ϫ 10 Ϫ4 g/l curare) at room temperature and pH 7.4. A triangular section of diaphragm was removed with central tendon and rib intact; 5-0 silk ties were secured to the central tendon and ribs, which were respectively attached to a force transducer (Grass instruments, Warwick, RI) and stationary hook. Stimulating electrodes were placed on both sides of the diaphragm section; tissue was immersed in Krebs-Henseleit bicarbonate buffer that was warmed to 27°C and aerated with 95% O2-5% CO2 (pH of 7.4). Diaphragm strips were elongated to their optimal length (Lo: muscle length which produced maximal force at 100-Hz stimulation) via a micromanipulator attached to the force transducer. After a 45-min thermoequilibration period, peak force production was determined. Isometric contractility data were collected on AcqKnowledge software (BIOPAC systems, Goleta, CA) and analyzed using Spike2 software (Cambridge Electronic Design, Cambridge, UK). Force production was normalized to physiological cross-sectional area assuming a muscle density of 1.06 g/ml; optimal muscle length was not different between any of the groups and ranged between 1.0 and 1.1 cm.
Ca 2ϩ activation of skinned diaphragm preparations. Mechanical experiments were conducted on permeabilized preparations dissected from the diaphragm of the sham (control) and surgically treated mice. Following removal from the thoracic cavity, each diaphragm was immediately placed in ice-cold physiological saline (in mM: 94 NaCl, 24 NaCO3, 5 KCl, 1 MgSO4, 1 Na2HPO4, 0.7 CaCl2, pH 7.6 at 15°C). Blood was washed from the diaphragm before it was pinned out on a chilled dissection stage (Fig. 1A) containing ice-cold relaxing solution (in mM: 100 KCl, 10 MOPS, 5 dipotassium EGTA, 9 MgCl 2, 4 NaATP, 20 2-3-butanedione monoxime pH 7.0 at 4°C) (18) . Butanedione monoxime (BDM) inhibits cross-bridge formation and was used to reduce contracture-induced injury. Protease inhibitors [i.e., phenylmethanesulfonylfluoride (PMSF), leupeptin and benzamidine] were in all relaxing and skinning solutions. The relaxing solution was replaced with ice-cold skinning solution containing glycerol (50% vol:vol) and Triton X-100 (1%). The diaphragms were skinned overnight at 4°C with one solution change as demonstrated previously (18) . The following morning, the skinning solution was replaced with the same solution without Triton X-100; diaphragm preparations were then stored at Ϫ20°C until utilized (maximum 2 days). The experimental preparations were dissected from the skinned diaphragm on a chilled microscope stage using a razor blade fragment held by a clamp. Muscle strips were dissected randomly from throughout the diaphragm to ensure the functional data were representative of the entire multifiber type tissue. Each strip was then visualized under polarized light to determine if the fibers were in parallel. The ends of the preparations were chemically fixed using 1% glutaraldehyde, and then wrapped in aluminum foil T-clips (Kem-mil, CA). These T-clips were 1.0 mm in length and 1.2 mm in width with a small hole in one end to allow the preparation to be mounted to the experimental apparatus via steel hooks (Fig. 1B) .
Muscle mechanics instrument. The mechanical measurements were made using a custom instrument from Aurora Scientific (Aurora, ON) mounted on the stage of an inverted microscope (Model Eclipse TE 2000U, Nikon Japan). The instrument, as previously described, is composed of a permeabilized fiber test system (model 802B, Aurora Scientific), a force transducer (model 400A, 2.0-kHz resonant frequency, Aurora Scientific) and a servo-motor (model 308C, Aurora Scientific) tuned for a 250-s step response (16) . Temperature was maintained within 1°C of set temperature. Sarcomere length (SL) was measured by fast Fourier transform (FFT) analysis using a high-speed video sarcomere length system (model 901A, Aurora Scientific) with a CCD camera (model VGA-210-LMCN, Imperx, FL) with 640 ϫ 480 resolution. The camera images the preparation through a 40ϫ objective with a 3-mm working distance (Nikon, Mississauga, ON) (Fig. 1C) .
Solutions for mechanical measurements. Solution composition was determined according to an iterative computer program that calculates the equilibrium concentration of ligands and ions based on published affinity constants. Activation solutions contained (in mM): 15 phosphocreatine, 15 Gillis et al. (18) .
Mechanical measurements. The Ca 2ϩ activation of the diaphragm preparations was characterized using methods previously described (16, 18) . Briefly, the preparation was mounted onto the apparatus by attaching the T-clips on the muscle to steel hooks attached to the force transducer and servomotor. Sarcomere length was measured by analyzing the sarcomere pattern at multiple locations (Ͼ10) throughout the preparation using FFT as in Ref. 16 and set to 2.3 m by stretching the preparation accordingly using the XYZ micrometer translation stage, to which the servomotor was attached. This sarcomeric length was used as it is within the range that mouse diaphragm muscle functions (44) . To standardize force generation between muscle preparations, the cross-sectional area was calculated from the diameter assuming a circular geometry (1, 16, 18, 38) . The average length (Ls) of the preparations used in this study was 2.9 Ϯ 0.1 mm and the average cross-sectional area was 0.049 Ϯ 0.002 mm 2 . At each pCa, steady-state isometric force was measured, as was the rate of isometric tension redevelopment (k tr) following rapid (Ͻ 4 Ls/S) release-restretch (15% Ls) of the preparation (18) . Figure 1D is a sample trace of a force pCa curve generated by a preparation from a sham mouse. Throughout the experiment, Brenner cycling was used to maintain functional stability (6) . Figure 1E is the force trace used to calculate the ktr for a preparation from the sham mice at pCa 5.0. Analysis. Each force-pCa curve was fit with the Hill equation:
where Fmax is the force at high [Ca 2ϩ ], pCa50 is the pCa needed to achieve 50% of Fmax (used here as a measure of the Ca 2ϩ sensitivity of force), and nH, the Hill coefficient, reflects the steepness of the relation. The reported values for each of these parameters represent the means of the values from the individual fits Ϯ SE. The data produced by the k tr protocol describing the increase in force following the rapid release restretch was well fit by a single-exponential equation. The calculated error values, used as a goodness-of-fit indicator, were within an acceptable range. In addition, each data fit was examined by eye to confirm a good fit.
Myosin heavy chain isoform content. To determine myosin heavy chain isoform composition, diaphragm muscle was prepared for SDS-PAGE. An entire lobe of a diaphragm was solubilized for this work so that the data were well representative of the multiple fiber composition of the diaphragm muscle. The myosin isoforms in these samples were separated as previously described (66) using a miniVE system (GE Healthcare, Burlington, ON). The stacking gel was 4% acrylamide (pH 6.8) and the separating gel contained 7% acrylamide (pH 8.8) with 30% glycerol (vol/vol). Gels were run for ϳ20 h at 4°C. Gels were stained with Coomassie, imaged using a Bio-Rad ChemiDoc Scanner, and band densities were quantified with ImageJ (National Institutes of Health). Each myosin heavy chain band was expressed as a percent of the total amount of myosin that was quantified in each lane. Before analysis percentage data was first logit transformed.
The identity of each myosin band was confirmed using tandem mass spectroscopy completed at the Advanced Protein Analysis Center at Sick Kids Hospital (Toronto, ON) using an Applied Biosystems/MDS Sciex API QSTAR XL Pulsar MALDI QTOF mass spectrometor. All MS/MS samples were analyzed using Mascot (Matrix Science, London, UK; version Mascot) as in Alderman et al. (3) . Scaffold (version Scaffold 4.1, Proteome Software, Portland, OR) was used to validate MS/MS based peptide and protein identifications. Peptide identifications were accepted if they could be established at greater than 95.0% probability as specified by the Peptide Prophet algorithm (26) . Protein identifications were accepted if they could be established at greater than 95.0% probability and contained at least 5 identified peptides. Protein probabilities were assigned by the Protein Prophet algorithm (40) .
Phosphorylation detection. An aliquot of the protein samples from the diaphragm preparations used for the myosin quantification was utilized for phosphorylation detection as described previously (16) . In brief, samples were separated on 12% SDS-PAGE gels using a miniVE system (GE Healthcare) and stained with Pro-Q Phosphoprotein stain following the manufacturer's instructions (Molecular Probes, Burlington, ON). Gels were imaged using a Bio-Rad Chemi Doc MP fluorescent scanner. All gels were then stained for total protein using SYPRO-ruby following the manufacturer's instructions (Molecular Probes) and reimaged.
Western blotting and analysis of myofilament proteolysis. To identify the myofilament proteins in mouse diaphragm muscle, SDS-PAGE and Western blotting were used. Mouse diaphragm myofilament proteins were separated by 12.5% SDS-PAGE as described above without glycerol. The SDS-PAGE gel was transferred onto a Trans-Blot Turbo Midi Nitrocellulose membrane (Bio-Rad Laboratories, Mississauga, ON) using a Trans-Blot Turbo semi-dry transfer unit (Bio-Rad Laboratories). Primary antibodies were used against desmin [D76, Developmental Studies Hybridoma Bank (DSHB)]; actin [5C5, Sigma Aldrich (Sigma), Oakville, ON]; TnT (CT3, DSHB; and JLT12; Sigma); Tm (CH1; Sigma); MLC 1 and 2 (T14; DSHB); ssTnI [MYNT; gift from Dr. N. Matsumoto (PMID 15833785)]; and fsTnI (F23; International Point of Care, Toronto, ON). Two TnT Abs were used so that all isoforms of TnT could be identified. In the phosphorylation analysis the signals for the identified bands were summed. The secondary antibody was a goat anti-mouse IgG conjugated to alkaline phosphatase (Jackson immunohistochemistry, Burlington, ON). Western blots were imaged using a ChemiDoc MP System (Bio-Rad Laboratories).
To investigate myofilament proteolysis, frozen whole diaphragm muscles were homogenized in 100 mM Tris (pH 7.8) with 50 mM NaF, 0.25 mM Na 3VO4 and protease inhibitors (100 M phenylmethylsulfonyl fluoride, 10 M leupeptin, 2 M pepstatin A, 1 M aprotinin and 25 mM EDTA). Total protein concentration was determined by the Lowry assay before preparation of protein samples in Laemmli buffer with 25 mM dithiothreitol (DTT). The quantities of intact actin, tropomyosin, TnT, and fast and slow TnI were determined by densitometry. The specificity of all antibodies had been previously confirmed (51) .
Statistics. Values presented are means Ϯ SE. Statistical analyses were completed using GraphPad (Prism 6, GraphPad Software, LaJolla, CA). Single-factor ANOVA and Tukey's post hoc tests were used to test statistical differences between data from the treatment groups and the sham group. Significance was determined at P Ͻ 0.05.
RESULTS
Transverse aortic constriction and acute myocardial infarction induce cardiac remodeling and diaphragmatic myopathy.
In this study, we used two mouse models to investigate the effects of HF on the development of myofilament contractile dysfunction of the diaphragm. Pressure-overload HF was induced by TAC, whereas HF caused by myocardial infarction was induced by permanent ligation of the left anterior descending coronary artery. Data from sham-operated animals, at all time points and between surgical models, were indistinguishable and were therefore combined and used to compare against data from experimental groups.
To ensure the establishment of HF, histomorphometrics, invasive hemodynamics, and echocardiography were measured at 2 or 18 wk of TAC and 18 wk post AMI (Fig. 2) . Using histology cross sections of the heart at the apex, midpapillary, and base regions, ligation of the LAD resulted in a left ventricle infarct area of 53.4% Ϯ 3.5% by 2 wk post-AMI; by 18 wk post-AMI, remodeling resulted in dilation of the infarct area to 62.45% Ϯ 2.54%. As expected, histological and morphometric analysis revealed myocardial hypertrophy (Fig. 2,  B-D) , respectively, in all treatment groups. Echocardiography revealed chamber dilation by 18 wk (Fig. 2, E and F) and a progressive loss of contractile function in all groups indicated by a reduction in ejection fraction (Fig. 2G ) and cardiac output (Fig. 2H) .
We next evaluated the effects of HF on diaphragm structure and function. Histological assessment of diaphragm tissue (Fig.  2I ) reveals a significant reduction in average myocyte crosssectional area (CSA) (Fig. 2J ) in 18 wk TAC and AMI but not 2 wk TAC. Interestingly, the development of atrophy did not impair the intrinsic ability of the diaphragm to generate force when normalized to muscle physiological cross-sectional area, as maximal in vitro force production was not reduced in any groups (Fig. 2K) . Maximal in vitro force production is, in large part, reflective of the fiber type composition of the tissue. For CD-1 mice, maximum in vitro force reported here is similar to other published work (5, 61) . Interestingly, 2 wk TAC resulted in enhanced in vitro force production, which has previously been attributed to alterations in calcium cycling (33) . Similar to patients with HF, inspiratory pressure generation at baseline was increased following application of pressure-overload (Fig.  2L) . In summary, these data indicate that during the early progression of HF, diaphragmatic atrophy developed with preserved in vitro contractile function.
Ca 2ϩ activation of force generation by the chemically skinned myofilament preparations. The Ca 2ϩ activation of force generation by the chemically skinned myofilament preparations from the sham and three treatment groups demonstrated a sigmoidal relationship with force reaching an asymptote by pCa 5.2 (Fig. 3A) . There was no difference in the maximum Ca 2ϩ -activated force generated by the myofilament preparations from the sham group and those from the 2 wk TAC group and the 18 wk AMI group (Fig. 3B) . However, the myofilament preparations from the 18 wk TAC group generated less force when maximally activated than those from the sham group (Table 1 and Fig. 3B) .
The Ca 2ϩ sensitivity of force generation, measured as the Ca 2ϩ concentration (expressed as a pCa), at half-maximum force was significantly less in the myofilament preparations from the 18 wk TAC group compared with those from the sham group, the 2 wk TAC group, and the 18 wk AMI group (Table 1, Fig. 3, C and D) . This is illustrated in Fig. 3C , where the force-pCa curve of the 18 wk TAC group is shifted to the right of those for the sham, 2 wk TAC, and 18 wk AMI group. There was no difference in the Ca 2ϩ sensitivity of the myofilament preparations from the sham group and those from the 2 wk TAC group and the 18 wk AMI group (Table 1 and Fig.  3D ). The cooperativity of the force/pCa curve, measured as the Values are means Ϯ SE. TAC, transverse aortic constriction; AMI, acute myocardial infarction; Fmax, maximum force generated; F5.7, force generated at pCa 5.7; pCa50, Ca 2ϩ concentration, measured as pCa, at half-maximum force generation; nH, Hill coefficient; Passive force, passive tension at pCa 9.0; ktr at Fmax, rate of force generation at maximum activation. Values within the same column that share a superscript (a, b, and c), are not significantly different from each other (P Ͻ 0.05).
Hill coefficient, was greater for the preparations from the 2 wk TAC group and 18 wk AMI group compared with those from the sham and 18 wk TAC group (Table 1) . This means that an increase in cytosolic Ca 2ϩ concentration would cause a greater change in force production by these diaphragms than a similar pCa change in the myofilament preparations from either the sham or 18 wk TAC group. There was no difference in the Hill coefficient of the force-pCa curves for the preparations from the sham group and the 18 wk TAC group (Table 1) .
The closest pCa to the pCa 50 , calculated using the Hill equation (Table 1) , to those at which force was measured in our protocol was pCa 5.7. Comparison of the force generated by myofilament preparations at pCa 5.7 from all groups revealed that less force was generated in the preparations from the 18 wk TAC group than those from the sham group as well as the 2 wk TAC and 18 wk AMI group (P Ͻ 0.05, Table 1 ). In addition, the amount of force generated by the preparations from the 18 wk TAC group was significantly less than that generated by the preparations from the sham group at all experimental pCa except for pCa 5.9 and pCa 6.0. This demonstrates that the force-generating capacity of the 18 wk TAC diaphragmatic myofilaments was impaired within the physiological range of cytosolic Ca 2ϩ . The passive force of the myofilament preparations from the sham group was the same as those from the 18 wk TAC group but greater than that of preparations from either the 2 wk TAC group or 18 wk AMI group (Table 1) . Additionally, there was no difference in the passive force of the myofilament preparations from the 2 wk TAC group and those from the 18 wk AMI group. Ca 2ϩ dependence of k tr . The k tr at maximum activation was greater in the diaphragmatic myofilament preparations from the sham group compared with those from the 2 and 18 wk TAC and the 18 wk AMI groups (Table 1) . To examine how this characteristic is influenced by Ca 2ϩ concentration, the dependence of k tr on [Ca 2ϩ ] was plotted on top of the standardized steady-state force-pCa relationship (Fig. 4) . In the myofilament preparations from the sham group, k tr increased with pCa in parallel with Ca 2ϩ -activated force and reached an asymptote close to maximum force generation (Fig. 4A) . However, in the myofilament preparations from the 2 and 18 wk TAC and the 18 wk AMI groups, k tr initially increases with pCa but then reaches an asymptote before force generation reaches a maximum (Fig. 4) . The maximum k tr values reached in the three experimental groups were ϳ80% of that generated in the sham preparation. This indicates that the rate of cross-bridge cycling was becoming disconnected from the Ca 2ϩ activation of iso- meric force generation. In the myofilament preparations from the 18 wk TAC and 18 wk AMI group, k tr was found to decline once this asymptote was reached. In the myofilament preparations from all treatment groups, the k tr generated, once maximum force was reached, was significantly less than that in the sham preparations at the same pCa (Fig. 4) . Comparison of the k tr -pCa curves from the 2 wk TAC and 18 wk TAC groups revealed the force-pCa curve of the 18 wk TAC group was shifted to the right of the 2 wk TAC group and that k tr was significantly higher in the 18 wk TAC group at pCa 5.8 (Fig.  4D) . This indicates that cross-bridge cycling was higher at lower levels of Ca 2ϩ activation/force generation in the 18 wk TAC group compared with the 2 wk TAC group. This also suggests that the change in Ca 2ϩ sensitivity and force generation in the preparations from the 18 wk TAC group may be independent of the change in cross-bridge cycling.
Relationship between force production and the rate of crossbridge cycling. To determine if the Ca 2ϩ -dependent increases in k tr resulted in an increase in the number of force-producing cross-bridges, the data in Fig. 4 were replotted as k tr vs. relative force production (Fig. 5) , and force measurements were standardized to maximum force generated by the sham preparations. This allowed for the averaged k tr data from each treatment group to be compared at similar levels of force production independent of [Ca 2ϩ ]. This replotting demonstrated that in the sham group, k tr increased with steady-state force production until an asymptote is reached in force. In the 2 wk TAC preparations, k tr initially increased proportional to the force, and the rate was no different from that from an equal force produced in the sham group. However, the rate of cross-bridge cycling began to slow once force reached 50% of the relative maximum. When maximum force generation is achieved in the myofilament preparations from the 2 wk TAC, at 82% of relative maximum, k tr is 73% that of the sham for the same level of force generation (Fig. 5A ). This indicates that the amount of force being generated per cross-bridge is increasing and could be due to the cross-bridge remaining bound for a longer period of time. Such a change in cross-bridge dynamics would result from either a decrease in the rate of Ca 2ϩ disassociation from the Tn complex or a slowing in the move- ment of the myosin head. As ATP was not limiting in the experiments, fatigue was not an issue. In the myofilament preparations from the 18 wk TAC group, k tr was significantly greater than in the preparations from the sham group at low levels of force production but they reached their maximum at only ϳ50% of the maximum standardized force (Fig. 5B ). This suggests that at low levels of force production, at physiologically relevant Ca 2ϩ concentrations, the rate of cross-bridge cycling is faster in the 18 wk TAC group but the amount of force per cross-bridge is lower. At higher levels of force production, the rate of cross-bridge cycling in the 18 wk TAC preparation was also decreased. At maximum activation, the preparations from the 18 wk TAC group generated 72% of the force generated by sham preparations when maximally activated. The rate of cross-bridge cycling in the 18 wk TAC preparations at this level of force production is ϳ78% that of the sham at the same level of force production (Fig. 5B) . In the preparations from the 18 wk AMI group, k tr increased with force generation as in the sham preparations; however, k tr reached an asymptote at ϳ75% maximum standardized force and then begins to rapidly decrease as force generation increased. The maximum force produced by these preparations was ϳ94% that of the sham group at maximum levels of activation but the rate of cross-bridge cycling at this level of force production was only ϳ66% that for the same amount of force production in the sham preparations (Fig. 5C ). This reduced rate of cross-bridge cycling would translate into a decrease in the rate of contraction and indicates that, as in the preparations from the other treatment groups, the amount of force generated per cross-bridge was increasing. Finally the rate of cross-bridge cycling was higher at a similar level of force generated at physiological levels of Ca 2ϩ activation in the 18 wk TAC group compared with the 2 wk TAC group. This indicates that less force was being generated per crossbridge (Fig. 5D) .
Protein phosphorylation. There were five sarcomeric proteins that were differentially phosphorylated between the groups (Fig. 6, A-J) . In the 2 wk TAC group the level of ␤-TM and TnT phosphorylation was higher in the preparations from the 2 wk TAC diaphragms compared with sham while the level of MLC1 and MLC2 phosphorylation was lower compared with sham (Fig. 6K) . In the preparations from the 18 wk TAC group the phosphorylation level of desmin, TnT, MLC-1 and MLC-2 was significantly lower compared with the shams (Fig.  6K ) with the level of TnT and MLC-2 phosphorylation being undetectable (Fig. 6K) . The level of desmin phosphorylation was higher in the preparations from 18 wk AMI group compared with the preparations from the sham group. Myosin heavy chain (MyHC) was phosphorylated in all samples measured, but there was no difference between experimental and sham groups (Fig. 6K) .
Myosin heavy chain (MyHC) composition. Three distinct MyHC bands were identified (Fig. 7A) . Tandem MS indicated that the top band contained MyHC-2x and MyHC-2a, the middle band MyHC-2b, and the lower band MyHC-1b slow. Previous work with mouse diaphragm supports these identifications (2) . The only change in myosin composition, relative to that in preparations, was in the 18 wk TAC group. This was a decrease in the percent composition of MyHC-2b and an increase in the percent composition MyHC-2x and MyHC-2a (P Ͻ 0.05) (Fig. 7B) .
Myofilament proteolysis.
Cardiac or skeletal muscle TnI is one of the most sensitive myofilament protein to undergo degradation when proteolysis occurs in response to stress (49 -51, 65) . Thus, to investigate proteolysis of myofilament proteins, actin (␣ and ␤), TM, TnT, and fast and slow TnI were investigated in sham, 18 wk TAC, and 18 wk AMI diaphragm samples. With short Western blot exposures, no changes in quantity of these proteins were identified between sham, TAC, or AMI samples (Fig. 8) . For further confirmation, blots were subjected to prolonged exposures; no proteolytic fragments were observed (data not shown).
DISCUSSION
The goal of this study was to understand the initial changes in diaphragm myofilament function in response to either pressure-overload-induced HF, or myocardial infarction-induced HF. The results demonstrate specific and progressive complex alterations in myofilament function and phosphorylation status in diaphragm preparations that are model specific and occur quickly after induction of pressure-overload HF (see Table 2 ). Specifically, our novel findings are 1) during the early phase development of HF, in vitro diaphragmatic function is preserved while myofilament function is impaired; 2) myofilament dysfunction occurs before evidence of diaphragm atrophy; 3) myofilament dysfunction was evident by a decrease in the rate of cross-bridge cycling in all groups and 4) with decreases in Ca 2ϩ sensitivity of force generation and the force generating capacity at 18 wk TAC; 5) a reduction in myofilament phosphorylation of desmin, fsTnT, MLC1, and MLC2, at 18 wk TAC; and 6) the relative proportion of MyHC 2b was lower in 18 wk TAC while that of MyHC 2a ϩ MyHC 2x was correspondingly greater. As these alterations in diaphragmatic myofilament function occurred before any evidence of diaphragm atrophy or impairments of in vitro function suggests that loss of myofilament function along with alterations in phosphorylation status may be the incipient event that leads to fiber type shifting, atrophy, and whole muscle dysfunction.
Diaphragm myofilament function during development of heart failure. The animals in the TAC and AMI groups both exhibited cardiac dysfunction at 18 wk. This was evident by the ventricular dilation, loss of cardiac contractile function, and reduction in ejection fraction characterized in both groups. The development of heart failure did not cause overt diaphragmatic dysfunction as demonstrated by the in vitro measurements of force generation. In fact, there was an increase in the maximal in vitro force measured in the 2 wk TAC group. The development of heart failure did alter the function of the isolated myofilaments, suggesting that compensatory changes occurring elsewhere within the muscle (e.g., SERCA function or calcium handling/release/uptake) were also occurring. There are also differences in how myofilament function is affected by the two heart failure models. For example, the contractile function of the diaphragm myofilaments from the 18 wk AMI group was not as affected as those from the TAC group at this time point. While there was a reduction in the rate of crossbridge cycling at high levels of Ca 2ϩ activation in the preparations from the AMI group at 18 wk, there was no loss of Ca 2ϩ sensitivity or force-generating capacity as there was in the preparations from the TAC group. This variation in functional response indicates that the myofilaments are differen-tially affected in the 2 models. This difference is also reflected in the relative levels of myofilament protein phosphorylation between the preparations from the 18 wk TAC and 18 wk AMI groups.
The steady-state force generated by striated muscle is determined by the number of cycling cross-bridges (6a, 6c). The rate of force redevelopment following release/restretch (k tr ) is thought to reflect cross-bridges transitioning between weakly attached states and force-generating states (6b). In skeletal muscle, at submaximal levels of activation, when Ca 2ϩ is limited, k tr is regulated by the Ca 2ϩ -dependent interactions between the components of the thin filament (38) . At saturating levels of Ca 2ϩ , when skeletal fibers are maximally activated, k tr is determined by the intrinsic rate of cross-bridge cycling (19) . It therefore changes in the interaction between the thin and thick filaments that regulate k tr during maximal activation (38) . The reduction in k tr at maximal activation in the preparations from the 2 wk TAC group indicates that myofilament function becomes impaired very early during the development of HF. Such a reduction in cross-bridge cycling would translate into reduced power development. However, at lower, more physiological levels of Ca 2ϩ activation there were limited functional differences between the preparations from the 2 wk TAC group and sham. It is unlikely, then, that the alterations in myofilament function observed in the 2 wk TAC group would translate into a change in in vitro function.
The loss of Ca 2ϩ sensitivity, force-generating capacity as well as the increase in k tr at low, but physiological, levels of Ca 2ϩ activation by the preparations from the TAC group at 18 wk, compared with the sham and 2 wk group, indicate that the function of diaphragm myofilaments is becoming increasingly compromised as the mice progress toward HF. These changes in function have the potential to cause muscle weakness and impair power generation by the muscle in vivo. Similar dysfunction has been reported for diaphragm preparations from mice with cancer cachexia (45) . In this previous study, there was a reduction in the Ca 2ϩ sensitivity of force generation, the force of contraction, as well as the k tr in diaphragm preparations from cachexic CD2F1 mice (45) . It was suggested that these changes in function were caused by a decrease in the number of strongly bound force-generating cross-bridges and/or less force was being generated per cross-bridge. The results of the current study are indicative of a similar cause for the loss of force generation in the preparations from the 18 wk TAC group. Critically, however, despite the loss of myofilament function, there was no reduction in the in vitro force production of the intact diaphragm preparation. For the forcegenerating capacity by the diaphragm to be maintained at pre-HF levels, compensatory changes would be required. This could include an increase in the number of myocytes activated per contraction or an increase in the concentration of excitatory Ca 2ϩ released into the cell following an action potential. One factor that must be taken into account, however, when integrating the results of the myofilament studies with those of the in vitro force measurements is that the experimental temperatures were 12°C different. It is standard practice to complete measurements of myofilament function at 15°C as this ensures the integrity of the preparation and allows comparison with previous experiments (16, 18, 38) .
Changes in myofilament protein phosphorylation. A detergent was used to remove cellular membranes in the myofilament preparations; therefore the observed changes in contractile function were due to changes in the function of the contractile proteins as opposed to calcium handling. One mechanism by which this can occur is through posttranslational modification (PTM) of the component myofilament proteins. The role of myofilament protein phosphorylation in regulating muscle function has been extensively studied in cardiac muscle (27, 32, 41, 52) ; however, much less is known of the role of protein phosphorylation in modulating the function of skeletal muscle (14) . The greatest change in the phosphorylation state of the contractile proteins occurred in the 18 wk TAC preparations, the group with the greatest difference in diaphragmatic myofilament function, relative to sham. As the phosphorylation state of multiple proteins was decreased, the resultant functional change would be the net result of these multiple PTMs on myofilament function. For example, in fast skeletal muscle, the phosphorylation of MLC-2 increases the rate of crossbridge cycling, and the Ca 2ϩ sensitivity of force generation (20, 54, 59) . It therefore follows that a reduction in MLC-2 phosphorylation would have the opposite effects. At high levels of myofilament activation these effects could, however, be altered by the decrease in the phosphorylation of TnT in the same muscle preparation. In cardiac muscle, the phosphorylation of cTnT at T203 causes a decrease in the rate of acto- myosin activity, Ca 2ϩ sensitivity, and maximum force generation (57) . Within fsTnT, the residue corresponding to cTnT T203 is fsTnT T156. At low levels of Ca 2ϩ activation, where cross-bridge cycling is thought to be regulated by the Ca 2ϩ -dependent interactions of the thin filament (38) , the decrease in TnT phosphorylation in the preparations from the 18 wk TAC group could explain the slight, but not significant, increase in k tr compared with shams' high pCa. An increase in k tr would translate to the decrease in Ca 2ϩ -activated force measured in these preparations at low levels of activation due to a reduction in the duty cycle of the myosin head. Interestingly, the level of TnT phosphorylation was higher in the preparations from the 2 wk TAC group but there was no difference in k tr measured compared with sham at low levels of Ca 2ϩ activation when measured at the same pCa. MLC-1 is also a critical regulator of muscle function through its interaction with the myosin head (37), and changes in its phosphorylation state have the potential to alter contractility. The same can be said for desmin. It is, however, not possible to predict the net effect of the dephosphorylation of each of the four myofilament proteins in the 2 wk and 18 wk TAC groups on muscle function. It is, however, not unreasonable to think that these changes are at least partially responsible for the observed functional changes in the myofilament preparations from the 18 wk TAC group.
Comparison of the differences in protein phosphorylation levels between the muscle samples from the different treatments reveals limited similarities. This indicates that there are likely different protein phosphorylation changes that can explain the decrease in k tr characterized in all HF groups at higher levels of Ca 2ϩ activation. However, one commonality between the preparations from the 2 and 18 wk TAC animals was a decrease in MLC-2 phosphorylation. The phosphorylation of MCL-2 increases the rate at which cross-bridges cycle from the non-force-to force-generating state (60) . Such an effect increases k tr at high levels of Ca 2ϩ activation and is decreased by dephosphorylation (42) .
While the level of MLC-1 and MLC-2 phosphorylation in the 2 wk TAC group was lower than that in the sham, this did not translate into a change in function. One explanation for this is that the increase in the phosphorylation of TnT compensated for this. The only change in phosphorylation detected in the 18 wk AMI group was an increase in desmin phosphorylation. This change could be responsible for the decrease in k tr at high levels of activation by altering the interaction between the thin and thick filaments. Further studies are required to investigate manipulation of site-specific phosphorylation levels on myofilament function before we can begin to understand the complex changes in multiple phosphorylation sites in disease. Unlike cardiac myofilament proteins, which have been extensively studied in health and various disease states, the identification of skeletal myofilament PTM and their specific effect on regulating skeletal muscle function remains largely uninvestigated. Our work here shows skeletal myofilament phosphorylation status is complex and dynamic during development of HF. Further studies in this area are required to better understand how skeletal muscle function is acutely regulated by phosphorylation along with identification of the active kinases/phosphatases.
Fiber type changes. Skeletal muscle is composed of a spectrum of different muscle cell types, commonly referred to as muscle fiber types. The range of muscle fiber types allows for a muscle to respond to a variety of contractile demands with training and disease states altering the fiber composition of a muscle. The decrease in MyHC-2b and corresponding increase in MyHC-2x ϩ MyHC-2a reported in the 18 wk TAC diaphragms indicates that the fiber profile of the diaphragm is shifting from a fast-twitch glycolytic to a fast-twitch oxidative phenotype. Probably the most notable respiratory muscle alteration in patients with HF is a relative shift in fiber composition that occurs in the opposite direction to that of limb muscles. In HF, there is a shift toward a greater proportion of type I (slow oxidative twitch) fibers in the diaphragm (8 -10, 63, 64) while limb muscles show a greater proportion of type IIb (fast glycolytic twitch) fibers (12, 31, 34, 55, 56) . Thus limb muscles and the diaphragm adapt in a qualitatively different manner in patients with HF. In this study, a modest change in the proportion of MyHC isoforms was only observed in the 18 wk TAC diaphragm and neither the 2 wk TAC nor the 18 wk "yes" indicates that the described condition was detected in the mice at time of sampling; "no" indicates that the described condition was not detected; an up arrow indicates a significant increase; a down arrow indicates a significant decrease; nc; no change; Fmax, maximal Ca 2ϩ activated force; F5.7, force generated at pCa 5.7; pCa50, Ca 2ϩ concentration, measured as pCa, at halfmaximum force generation; ktr at high forces, rate of force generation at high forces; ktr at low forces, rate of force generation at low forces; -P, phosphorylated; fsTnT, fast skeletal troponin T; ␤-TM, ␤-tropomyosin; MLC1, myosin light chain 1; MLC2, myosin light chain 2; % MyHC 2b, percentage of diaphragmatic muscle sample composed by myosin heavy chain 2b; % MyHC 2x ϩ MyHC 2a, percentage of diaphragmatic muscle sample composed of myosin heavy chain 2x ϩ myosin heavy chain 2a; % MyHC 1b-slow, percentage of diaphragmatic muscle sample composed of myosin heavy chain 1b slow.
AMI. This can be explained based on diaphragm activity as we observed increases in resting respiratory pressure generation in only 2 wk and 18 wk TAC and not 18 wk AMI (Fig. 2L) . The absence of changes in MyHC in the 2 wk TAC is likely because there was insufficient time for a shift in expression of MyHC to occur. Thus the chronic unrelenting increase in work of breathing, along with intrinsic changes in weakening the muscle, likely drove this adaptive change in fiber composition toward a more fatigue-resistant phenotype.
Previous studies have demonstrated that mechanical ventilation can increase the activity of calpain and caspase-3 in the diaphragm (for review, see 43) . These are proteases that target the myofilaments leading to atrophy and diaphragm weakness (43) . In the current study, no evidence of proteolysis was found in the myofilament proteins isolated from the diaphragm preparations from the 18 wk TAC and 18 wk AMI groups, nor was there loss of in vitro force generation in the 18 wk TAC and 18 wk AMI groups. Previous studies have reported that the proteolysis of myofilament proteins triggered by mechanical ventilation occurs in conjunction with a decrease in diaphragm in vitro function (25, 29, 39, 47, 48) . Taken together our data suggest that myofilament proteolysis was not occurring in the diaphragms of either model of heart failure.
Conclusions and future perspectives. The results of this study indicate that early development of HF in mice, as a result of either a pressure overload or myocardial infarction, causes functional impairment of the diaphragm myofilament proteins. With TAC, myofilament dysfunction progressed from the decrease in k tr at high levels of Ca 2ϩ activation (Ͼ50% force generation) detected at 2 wk to the loss of Ca 2ϩ sensitivity and force generation at 18 wk. Paralleling this loss of function is the change in the phosphorylation state of the contractile proteins in the TAC group. Such loss of function and change in protein phosphorylation was not seen at 18 wk in the AMI group, suggesting that HF caused by a pressure overload has a greater impact on the function of the diaphragm myofilaments and as a result requires greater compensation by the intact muscle to maintain function. While phosphorylation of cardiac myofilament proteins and the resultant effects on myofilament function are well described in both acute and chronic disease states, the role of such protein phosphorylation has been largely overlooked for skeletal muscle. Indeed, this work suggests, for the first time, that a decrease in the phosphorylation state of multiple myofilament proteins may be involved in initiating diaphragm dysfunction during the development of heart failure. Previously, loss of myosin content (66) and/or the increased levels of myosin heavy chain oxidation (8) have been described. While we did not observe any change in total myosin heavy chain content, given the progressive nature of the disease, our results do not preclude this from occurring at a later stage. Further, changes of the phosphorylation status of the myofilament and the resultant functional consequences could be independent of, or occur in conjunction with, alterations in the oxidative status. Clearly further work is needed to better understand the role of the myofilament in diaphragm dysfunction during the development of heart failure.
